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Abstract

A concept for a hydrogen liqueficr based on the mapnetocaloric effect is
introduced. A second-law analysis of the gencral device is described. The
calculation predicts that efficiencies & 502 of Carnot arc prohable. A
brief comparison to gas refrigeration systems is made.

*The work was performed under the ausnices of the lI. S. Department of FEnergy.



Ae - contact area, m2
B - mapnotic Finld, T
By = Brillouin tunction, dimensionleoss
Gy - bhoat cipacity at constant Uield, J/%;¥
Cnr = hmat caparity at zego Cield, Jikak
Cy = hoat ecapanity at constant brossare, [/kei
B = demcenetieing factor, dimendienlesan
G - molecular weivhe, kg/male
J = total slectronie angula® momentam aperator,
dimensionleas
L - lanputh, m
M = mannstication, AmS fmnle
N = Avouradry's number, male”
Ny = Number ol heat trandiee anits.
dimansioniaas
AP = pressurs drop, ")
Qe = conlin powrer, 4
) = heac rejection pover, W
5 = enrropy, 1/mole K
A% = rate of reveriithle satrope shanpe, W/km?
AS g = rate of irmeversatle gncropy praduction,
W/km)
T - tenperature, K
Te = cold=bath tomperaturs, K
Ty = hat-hath tamperature, &
Tyy = inlut temperature, K
fout = "utler temporat:re, b

Ty = _turin tempoeaturs, K
I' = averdapge temperature, K
AT - mapnetocaloris adiahatic temperaturs
change, K
0lgy = At o solid tempevature difforence, K

= valume, m]

volume flow rate n?ln . .
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Y, - prrmahllity constant, Wh/Am
p =~ Jdensitv, kx‘m
INTRODCTION

Hivibraren hasy heen quegested an a2 fuel for cars,
traine, “umea amd airplanes,  TL hedrogen in taed an
a Tiquud, the liauetaetion process adds considerably
ta the cont. e ol the eonclunions From analvsoes
of the cout ol Viquia avdrogen production'™? js
that ghout Yall ot the coat in from the feod aapply
and the other half from the liquefaction procenn.
Aather very jmpoartant cowlution trom these repoita
I that e Tigumd hvdreopens appoirs to be an og=
collont Tuely it conts too much gt the preosent time
to he the lopical cholee for rapld development.
Wowever, T the coat of liquefaction were nignifi-
cant lv : aduerd, the choice of Turls may awing in
favor of lguid hvdrogen. A1l of the present moth-
odn of tquefaction ol liquld hvdroven an well an of
othor eryogens are baned on pas refriperation meth-
odn in which pan {s compronsed in one part ot the
cycle, in order tn rejeact heat from the pas, and
the n nxpanded [0 Annther part of the eyele to cool
and, sventually, ta liquely the gas. Soveral atu-
dien ot the afflieioney of pas-hased relrigerators



for cryngens have heen publllhud."’ Tha main
sourcea of inefficiency are the room-temperature
compressors, vith their associated aftercoolers, and
the gas axpanders. All of the efficlency atudies
agree that about 15-40% of Carnot efficiency (ideal)
is the best that is now possible for existing cy-
cles, avan for very large plants, and that tha pros-
apect is very poor for such improvement. Therafore,
if liquafaction coats for the large-scale production
of liquid hydrogsa, helium and liquid natural pas
are to ba significantly reduced, a new refrigeration
technology must be found.

The purpose of this paper ls to describe the
concapt of magnatic refrigeration, to show that a
rafriperator based on this contept should he able to
produce liquid hydrogan at 30X of Carnot, and to
briefly discuas the reaults in comparison to gas
relrigerators.

PRINCIPLES OF MAGNETIC REFRIGERATION

Magnetocaloric Effect

Magnetic refrigerators enploit the temperature
and mapnetic field depandence of Lhe mapnetic
entropy of a solid material to extract heat from a
low Lemperature source and transfor it to a
higher-temperature sink. The entropy change
relcvant to these procesnes is given by

c
ds = (%—“f\. ar o @B an =Bt (#)' am , (N

wvhere § is entropy, B {s ma:netic Cield, Cp in

heat capacitv at constant maenetic tiekd, M is
magnet ization. 1nd T {1 abanlure rumperatura.  Thas,
in order to predict the laothermal entropy chanwe nr
the adiadhatic cemperdture chandge with magnetle rield
variaticon, the zepa=-maenatie=field heat eaparvity

Co und the equation of state of the magnetization
ara required.  The magnetic (leld=lependent heat
mpACily can be obtained by using

2
M,
i

The squation of atate for paramaunnts and
ferromarnetn {o given by

A
€=, Ty 48 . (2)

M(B,T) =« u.tha) ' (&}

whers M, is tha saturation maenetfization amd
Byix) is ths Arillouvin function.  For a paramagnet

x = g BJ/RT (")

whare 1 Ls the Lande ye=tacror, § the Bohr
maneton, J the rotal sleeLronie aoenlar semmentum
operator, and k the Boltamann conatant, For a
ferromagnnt, in the soloeular =1l Ll approzimation,

R = gBI[R = (Du,p/GIM ¢ (A pu,/CIMI/KT )
where D l: the demagneticing factor, ¥, {9 the
permahility conntant, @ in the denaitv, G in the

wolecular weight, and A, the molecular field
conatant given hy

. 2,2
A, = INT G/Mou pBUIGI 4 1), (6)

with T, aqual tn rha Curle temperaturs, Bubst’-
tution of Eqee (5) amd (&) into ()) piven a Fian-

scendantal equation for M, vhich can be solved by
iteration. Paramagnets at low temperature (1-20 K)
and ferromagnets near their Curle temperature
(20-300 K) show appreciable entropy changes with
field; values range from 21R at low temperatures
to 0.1-0.2R at roon temperature with & maxisum of
RAn(2J + 1), vhare R is the grs conatant. For
small x, Eq. (3) can be expanded and aubstituted
into Eq. (1) to correctly predict the normal mag-
netocaloric effact, {.e., the increase in tempera-
ture of a paramagnetic solid vhen adiabatically
magnetined.

Thermodvnauic Cvcles for Magnetic Refrigerarora

In order to use the magnetocaloric +ffect in a
refrigerator a sultable thermodynamic cycle muat be
completnd. The mapnetic analogues of severzl gas
cyclas exiat and will he dincussed aeparately.

Carnot cycle. This historic eyele consists of
2 {sothermal ateps and 2 {sentropic staps and is
sasy to execute in n magnetic aystem. Consider a
ferrmapnetic material near lta Curie temperature
such thar the material can be ianlated from or put
in contact with hot and cald batha at will. The
firat stage of thin cvcle {8 an isothermal magne=
tigation vhile in contaet with the hot bath; the
heat of magnetieation in rejected into the hot
bath. MNeat, an [solated (adiabatic), partial demag-
netization is performed which conls the material to
a low~r temperature. The third step puts the mate-
rial in contact with the cold bath an the demagnet-
lzation {s continurd to gern fiold; hear s drawm
from the cold hath. The final atep of the cvele in
an adiabaric partial maenerizarion back to the
urizinal «tarting temperature.  These two isothermal
ateps 1nd two adlahatic aLopn a deacribed conati-~
tute a mavneric Carnot cvele. T temperature span
al a varnot cvele ia Hmited tn 8=10 K wirh a
% 10=T Lield chanse hut no pegeperation in re-
guired.  If larger remperature spans are required
other cveloa can he need. A Carnot cvele is
[1lustrated in 'iz. 1.

Bravion evels.  Thin mannetic cyele consints of
twn adlabalic ateps and tun isntinld stepe. TE
req ires pernperat lon hut can eover much larger tem=
perature apand than a Carnol cyrle. The Bravton
eycle i vory attractive bacause of Lhe natural wav
ol coupline e the axternal heat opchanpers throurh
the tempurature change cauaqd he the ad le finld
chaneas, as Lllustrated in Fig. 1.

Other poupglhle cvelpe,  Mapnetic Ericaion and
Stirling cvelea are alan wanlhle, PFricaaon evelas
eonsist nt twa lanthermal steps and rwo isotield
atepa.  Htlrline rvelox requirs Lwn {qothe=m)] g2epa
and lwo jsamAme tiration atepy,  Roth af those
evelvnw rogiire ropenaraction bur can npan lares tem-
prrature ditfersncen. Bacanun thess cvelas requirs
eace | lent heat Lraasts r between Hhe heat=-sachanne
fluld and ths source and sink te obtain the ino-
thermal stepa, the Arayton cycle tends ta he nasgler
to implument in a practical devicn.

Contlguration of a Magnetic Refrigerator. In order
to makn an aperatine relrigsrator capabier of srscu-
ting one of the cvelas discussed in the pravious
section of thin paper, a mmber nf requirements sunt
be met. Firnt of all, dapeanding on the temperature
span, sultahle mapnetic material or materials must
he selncted. T rhe temperature span (s 40 K or
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Fig- 1. The most feasible magnetic cycles that

can he used to make a refrigerator baned
on the magnetocaloric effect.

lews, o sinule material will surfice. [t a lareor
tempopaturse ypan in pequitrend, then a serien ol aate
rials mude he nsed such that caera matorial operate
aedar its Curte temperature,  Seeand, g hedat=exehinen
flurd must be qeleceed in order to couple the mas-
netic aolid to the hat and celd heat evehaneers gl
to 2llect the repgeperation. A maonet and Dowar are
necevsary compunenta dlong with g source of power £o
provide the work required far the petrigeralion ove
c¢les For a small temperature apan, <40 K, there

are deveral possihla combindtions ol the requil el
companenty; bur lor larzer apana, sueh an 20=-100 F,
there are tower podsthle confiznrationa that micht
work. The hanin of one such eanfiguration of re-
frigsrator in eallod active =magnetic repeneratlon.
Thia concept s explained in the neat aection,

ACTIVE MAGNETIC RFGEIERATOK FOR 20-10n K

The active magneti1c redrmerator iv a device
Compnaaed ol duveral masnetic materialy that ars
thermodvnamically cveled to provide refrigeration
nver an extAauded tempearatore range, The hasic
theary in Hat ol an ordinaty enesnerator srespt
that the teaperature ol the materiala can e changeod
by the appiicarion or remavil ol ¢ maenetic Fiald
and thar 1 eonpley thermal wavelron® propagates hack
wi ! larth in the repgeneraton.,

Kach diffrrent material enreutes a amall
Brayton eyele near its Curie temperature bhut when
all of the materials are combined, thev vield a
Braytun c¢ycle [rom 20 to 300 K. The hasic cvcle in
fllustrated in Fip. 2 and ia deseribed as follows.
Conalder a porous-hed pagonerator componsd of a
series of difierent Ferromapnetic materials with
Tea aradually decreaning from the hol-hath temper-
acure Ty to the cold-hath temperature T, Alwo
consldar that temperature gradient is nearty uniform
but diaplacel to the 1aft of Sha center in the re=
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Fip. 2. Activa=naznetic regenerative
rofriveration cvele ahowing the thermal
wavefr b propagation back and [orth
through the regenerator.

genesiator, as shown in the top frame of Fie. 2.
(Far «* 1e' up From a warm condirion, i.e., Ty
averswiere, [t takes aeveral cveles to reach the
eonditinn asaumed above, a0 lop simplicity we start
with rhe temperatare pradient csatablished.)  Upon
application ol a mapgnetice teld, the temperatarn 11
along the hed will adiabatically increane by 4
which is about 15=20 K ror a 10=T tiald. (One .
tha characterintisa ol marnetic retfrigerante {n that
AT ix rouphly independoent of T {F the material is
near itw turie cemperatore.)  Atrter the Held ia
applivd, hellwn or hvdropen pae, ot temperature Tp
{r puthedd thrangh the hed From the cold cnd, which
innouoat Te e AT, An the 214 at T antern

the hed, the gasw w111 warm an the hed coulu, amd a
thernal wavelront of maenitude AT will he eatah-
Vished as abown {n the mididle Frome of Fig, J.  the
overall wavntront ol mavwiowde Cfy o AT ~ Tp)

will proparate threuph the repenerator (Lo the right
in the middle [rame of Fig. ?) as gan continumn to
flow into the bed at Teo The gan leaves the re-
penerator at Ty ¢ AT until the tharmal wavefront
arrives al the hot snd of the regenerator, at which
time the temperature ol the exiting gan dropa to
Ty When thin happenn, the gan [low (s stappml

anl the regensrator {a adiabatically demagnetiz«d.
The temporatures all along the hod drop by AT, an
phawn in frame 4% of Fig. 2, in preparation for the
reverses flow ol gan. The gas that came out of the
rogenerator at Ty 0 AT durlng the maguet i zed



atage i3 put through a heat exchanger and cooled to
Ty before it is pushed back into the regenerator
after demagretization. Annther complex thermal wave
of magnitude [Ty ~ (Te - AT)] is established;
but it travels in the opposite ditection to the
firat thermal wavefront, as shown in the bottom
frame of Fig. 2.

The gas exits the cold ead at Tc-AT and is
put in contact with a load to be heated to Tg.
When the gas temperature at the cold end of the
regenerator increases from Tc-AT to T¢. the
gas flow is sropped and the cycle now repeats as the
regenerator is again magnetized.

The cooling capacity of a magnetic regenerative
refrigerator is given by

4

where ATc is the adiabatic temperature change of
the magnetic materials, ® the Ras flow rate, and
Cp the heat capacity of the pas al cenatant
pressure. The exhauat hot pas can reject heat at a
rate given by

c " nCPATc . (7)

Q" icPAT“ . (8)

where ATy is the adiabatic temperature chanpe of
the a-gnetic material at the hot end. Oy and Q¢
are ideally related to the ratio of Ty to Tg; in
the idcal case thia relation is
T
H
Q" Y (..F_)d” , (9)
C
where Tppois Ty = AT/ aind FC is Te - AT/2.
Conaider 1 cvlindrical, rewonapative hed with jan
Flowing in one el and only out of the other end.
In this case m will chaaae gccarding to the contin-
nity eqnation (0 and, therefors, + will alse
chanid, Cp i approximately conatant, amd the
combingation ol Eqr. (7), (&), and (%) given the
relationhip

Ty o ATy (e
T ATCMC

whrre my amd me are Ehe mass Flow rates 1t Ehe

hot aml cold omld, respectivelve The polationihip
in Eq. '10) covld Yo ogecommadake:d by elangine the
magnetie finld acreons the hod nntil ATe ia the
correct Lraceisn of ATy e aeelpruring of the
magnett: iehd ba g vere advantageon o xXtra deproas
ol Teeadom in mavepery avetema. e congl raint of
Ea« C10) in e aumd by Cp Mo constant and shows
how the heat =ps ot ian zace b poon tempepatype:s
Limits the coonling powne ol the colder ropions ot
the maenet i rofrigeritar, 6 is alegardhlo tn
avercome the constraint of Eq. (10) hecause the
coldsyr matvrials have a larper entropy chunpe than
those pear roow temperaturs, and the largnr snl ropy
change could be used advantageously.  The way to
remove the ronetraint in to vary m along the
eylinder nag that the full AT % 8Ty ~ 17 K

(amd the full uptvopy chnnuns can he uned 1o o much
morn sconomical wav,  Ax we shall slow later, varving
m along the Lemperature apan is a natural raquirement
for a Lauefier,

MAGNETIC LIQUEFIER DESIGN

An active magnetic regenerative refrigerator can
be the basia of a device potentially capable of
liquefying hydrogen. The limiting factars in this
cancept are the gimultaneous requirements of excel-
lent heat tranaf{er in a porous bed with minimum
preasure drop. Tn addition, the diffusive mixing of
the heat transfer fluid mar be a problem. Thermal
addenda muat he minimized ar the aame time that the
magnetic forces are handled. There are many factors
asnaciated with the above deaign criteria that need
to be investigated before any particular deaign ia
chenen for development. However, to indicace that
thare are indeed posaibilitiea, a basic concept {3
diacussed.

Whei a refrigerator is converted to a liquefier,
denign ckanges occur becaune the teed gas to be
tiquefied has tn he cooled from room temperature to
the liauefaction temperature. 1n orde: to do this
efficiently, the cooling must he done over as wide a
temperature span as poasible, i.c., Ildeally, contin-
uously from room temperature downwards. In the case
of hydrogen there in an additional thermal load that
comea from the ortho to para conversion, the best
case bring maintenance of the equilibrium ratio at
any temperature. Unfortunately, half of the ortho=-
para conversion heat will be produced below 77 K and
must he taken Into necount in the liqueFier design.
Magnetic liquefiers hased on active magnetic re-en-
eration should b» ghle to have balanced Flow dur. g
the cyele by using a separaLe working gas and ligq-
umfying gasv. The cunrtr 1int aranciated with masa
[low rate change Adiscussed earlier can also hn
utilized “oneticially in a magnetic liquelier.

A bari*, purential liquefier process is ache=
matically qrouwn in Fig. 1. The oparation of each of
Lthe four stape ' in 4% described in the third sectinn
on the Jdescriptive theory of the activemagnat ic ra-
Renepator. The proceas in Fig. ) shows some masse
[low hing divereod atter stages 1, 2, and 3. This
dlverdion allown ehie conling of the 1ocoming feed
hvidrown and allows “ha mass (lav to be dilferent in
each satape for mor» aconmmical une of the mapgustic
malerial, The reciprocating naturs of the proceas
in Fip. 1 required valven and reservoirs in various
locations to contral the gas flow through the proper
anquencs an the materials wove In and out ol the
magnetic Fleld, Desinn calculaticna for a schematic
waunotic liquefior of Fig. 3 that {s capable of
producing v 0.7 /0 Lquid hydropen at 20.4 K
indieate an ar-orall ﬂlr‘cln"ux ol 34T of Carnoe, a
volume of % 26 L (7.6 x 107*md) aml a mans
al 1t kg, includin® magnetic ahielding around the
Dowiar, The additiooal paraqitic cooling at 20 F dye
to the remulrement nt maintainiag 4.2 K helium tor
the quperesplucting mavnet in optimated as 120 mW,
Thin wblit{onal loal han a neelivible sffect on the
Hauniler ovarall otficiency.  The statementa above
are Juatitiod dn rhe pext aection,

PARAMETRI(! ANALYSTN AND EFFICIENCY CALCULATION

Although there are several features of magunecic
refrigeration that render it worthy of development,
the mort aignificant of thane {s the potential Cor
Improved sfticiency. Tn arder to eqtimate jusl how
high the efficiency of a magnetic liquefier might
he, a parametric analvais on a hypothetical nyntem
van performed.  The doslipgn used {9 gchematically
shown in Fig. 3, l.e., a four=stage magnetic
Hiqunlirr., Conslder oach atape to consist of a
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porous-hed regenerator made Erom a stack of magnetic
materials with T, appropriately varviag along the
bad. Also conslder the ytased ro span equallv the
tempurature ranee frem "0 to MO K, i.e., 70 K in
each atape.

The arficicuey N in this concept is definad in
the ratio of the real eoeificient of performance to
the ideual corflicient of performance, given hy

(A, - 85 )
T, 88~ (a5, - ruu) Te

n- : .

A%

"
10

- - |';
Tyd%y = Tehiy

an
A%
(1, - T - —lh
ad
. "
Ty - (1 - 85,07,

Aé"

Hers A3ygq is the rate of irreveraible entrapy
prnduutlnn and A8y is =he rate of reversible,
high=temprrature entropy change cauand by tha map-
uetic [leld durlng the thermudynnmlc cyele. From
Eq. (11) it fs clear that Aﬁum/lh" needn to
be caleulated in order ro determine the efffcioncy
of each stane aud, hance, for the lquelier. Bocaune
there ,re several tvprs of unavaidahle sources of

A5 un: the lacger "A" the better the chance
of obtaining higher witiciency. Therstors, tha

maximum fie!d change that is practical should be used
on the magnatic materials that have the largest mag-
netization. Rare aarth compounds tend to have the
largest possible magnetizntions and either Nb-Ti or
Nbj Sn superconductora can bs used to produce high-
field (10 T) magnets.

The major sources of irreversible eatropy in
this aystem ara given hy

Bdign = ABjpp  *BS;gp + 8Spg
Total Conduction Flow Internal
+ Loas Heat
Mixing Transfer
(12)
* Bt A% pr
Heat Miascellanaous
Exchange

We consider each term in Eq. (12) separately.

The first source of irreversible entrop;s in the
regenerative bed is conductinn through the bed due
tuv the temperature gradients in the bed. As shown
in Fig. 3, there ia a complex temperature profile in
the thermal wavefront, but it can be approximately
decomposed into three temperature gradients in the
regenerntive hed; one from Ty to Tc over the
lergth of the bed, and the others across AT over a
fraction of the bed length. The irreversible en-
tropy production rate from heat flow acroas a temper-
ature gradient can be calculateu by

AS - S9NT ’ (13)

where q ir tha heat Flux vectnr and 7 is the
gradivnt aperator. The hear flow can he oxpreased
{n torms of the Pourier expresnion

q = -AVT am

vhere A in the effective thermal conductivity of
the had; hence, rate of irreversible entropy per
unit volume ol tha bed is given by

1(71)

AS D as
IRR 1.2

The ratio of AQIRR tv A3y in required; the relevant
AS In the rafriverator (s that at the cold end,

which, howsver, in limited hy Aﬁh at the hot end of
the regenerator hecauge of energy conservation mign
flow chanpges in the heat=rachanie gan, aw explained
in an vcarlier aection. Therefore, per unit volume,

&k, - ﬁupAT“/fi"v) (16)
where @, in Lthe thermal mans flux of the heat-ex
change Fluid, ATy the adiahatic temporaturn

chanpn of Fha marpotie marerial at the hot_ead of

the regenerator, V i the beod valume, and T‘" ia

the awvepaen hot=end temperaturs. Combinine Equ. (15)
and (16) leqdn to the following result:

Al (cnnductlnn)- A(T" - Tc)2 ?"

__INR and e
63" mining T vaLpAT“
AT, T, IeaT F
» 1t . 3o an

=2

LT pvep i“ LT pve



where T is the mean temperature and m has been
replaced by pvV/L.

The firat term in Eq. (17) is the contrihution
from the overall gradient across the whole regenera-
tor length, and the second and third terma are the
contributions from the AT temperature changes, es-
timated to occur over one-sixth of the bed length.
The effective thermal conductivity is a combination
of static bed conductivity and diffusive mixing of
the fluid. Generally, a value of A v 0.1 te 1 W/mK
has been reasonable in analysis of our room-
temperature porous-bed experiments. This parameter
should decrease in value as the temperature
decreases.

The second source of irreversible entropy pro-
duction comes from the dissipation of the kinetic
energy of the heat-exchange fluid in the porous
bed. The pressure drop in porous beds is well de-
acribed by Ergun's equation. The irreversible
entropy produced ias

: Apv
AS““ (Flow) = 5 - (18)

If Ergun's equation is combined with Eqa. (16) and
(18), the result is
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R s s SRR b
ASH p v
(1 - adv LT,
T , (19)
ad TC AT
PP H

where the factor 2.5 has “een addad to allow for
pump iuelficiency, heat oxchanver and other smajl
presaure drops arining Lrom expansion, gantraction,
bends, ate. In Eu. ("), 4 is the Ffluid via-
cosltv, & is the hed norouilty, and dp is the
particle Jdiameter.

The third major dource o irreverasible antrnpy
ig thar pruducud in heat transfer between the heac-
exchansa luid an! the pornun=-bed particles durinzg
the regepnrat ive scageqr of the cvele. For a given
atapge

Q= "AcM‘l:S ,

(20)
with i the comluctince, A, the enntact arna of the
bed, and ATy the temperature differcnee hetwesn
the heat-oxchanyge fluid and the solid.  An expros-
sion far Afpg <an b ohtained in tarms of the
quality oF "he heat esxchangze in the regonerative
stared Lrom

New ™ (T~ T /0%, (21
wher~ e, (4 ~he number ol heat Eranaler
anita S Tha contact area ot the bed ia glven hy
MLz (1)
1] -

P

Combinin, Eqa. (13), (168), (2n0), (21), and (27), tne
rate ratio for irreversible entropy is given by
?

AEIRH ] 12h(1-a) i, (T" =TTy,

=72 ’
As\“ de Nmpv(.plﬂ‘"

A -
Y

(23)

wher a Cactor two has been inclhuded to account [m
buth regenrrative 1'gs of the eyele.
The [ourth woirce of jrreveraible sntropy pro-

duction is in the external cold and hot heat
exchangers. In counterflow heat exchangers there
are two unavoidable contributions of irreversible
entropy, i.e., stream to str qm AT and the
frictional AP for each gida. I1f the tharmal
capacities, mC_, vhere m is the masas flow rate,

are unbalanced, an additioual irraversibility
occurs. However, it is possible to reduce all of
these contributions to a negligible amount if a big
anough area and volume can be afforded. 1In the
calculationa the pressure drop has been included in
Eq. (19) as part of the pump inefficiency and the
temperature effect for a total § transferrad at T
can be estimated by manipulating Eq. (13) in
combination with TAS = Q to“yield

as T -1
——%!E (Heat Exchanper) = 'N_ o 24)
AsH T"tu

Considering that each atage has a cnld and hat ex-
chauger, Eq. (24) has to be included twice. Good
low-temperature exchangers on helium liquefiers have
Ney's in the range of 50-100.

There will be amall amounts of irreveraible
entropy production from friction in seala, ineffi-
ciency in the electric drive motor, eddy current
heating, charging of the superconducting magnet,
provinion for parasitic cooling to 4.2K, and other
miscellancous mourcens. The miscellaneous enlropy
production was catimated an 10% of the to%al from
all other gources.

The principal major sources of irreversible
entrapyv, f[or which eauations have been written, were
adided rasether for cach atage of the ligquefier, and
the liquefisr officiencivs ecalenlated Lor a wide
ranee of wvatem variahles. The heat=exchanse Fluids
chosen woere 1.0 MPa (10 atm) helium or hydrogen at
the mean temperaturs nf ecach srage. Hydrowen pro-
duces wlightlyv batter sificiencion, primarily be-
cause of ita higher heat capacity per unit mass. In
the calculation of the officioncey h Ls abtain
from'"

2pvd BRI
- - D
h n.21 “’"‘ﬁ /G)(m) (J.:.—) . (25

the value of the Ny, for Eq. (23) was calculaced
from hA./mCy but Ny, In Eq. (24) has hean
taken as lﬂﬁ. I'f the ealculatwl Ny, was greater
than 0N, it wae set to 3N Lar pracrical reasons,
Selnctod valuey of rhe variablep for aach stage are
shown in Table I. Thave valuny were anlectod ha-
cailde Fhey pave Ehe highest elficiancies, The
vitluen ol afficieney aa raleulated ignorss the lact
tha: rhe maguetie refrigeritijon actually provides
el v atieon all alomp the popenerator which may
r.dnee the irrsversihle ancropy. The projected
averall characteristies ol a 20-K 20-W liquetiar are
predentod o Table 11

The coaling power allows for the conversion
from ortho to para in catalytic conyerters at each
of the four heat exchanpgera. The valume of the re-
[rigerator is estimated by taking six times the
volume of the magnets plus 20T for the drive motor.
The mass of Lhe rafrigerator Includes magnetic mate-
rial, magnsta, Dewar drive motor plus gear box,
ele., mapnetic ahisldiug araund the whole dewar, and
a 102 of the rotal mincollaneousn contribution. The
input power {3 calculatnd from the four-atage affi-
cleney caleulations and allows for a 502 efficiency
{o the drive roror,



TABLE I

EFFICIENCY RESULTS FROM A SECOND-LAW ANALYSIS OF A FOUR-STAGE MAGNETIC LIQUEFTER

R M oy awmn vad Mmoo Vel dm £ R A
23 21.1 0.02 0.1 1.29x1073  0.11 0.7% 0.017 1.0x10~4 12.8 298 83.3
23 20.8 0.09 0.1 1.28x1074 0.05 0.4% 0.132 1.0x10™% 4.9 Imn 83.6
13 21.2 0.09 0.1 1.60x10"% 0.07 0.55 0.121 1.0x10~4 4.6 300 a5.6
23 21.4 0.09 0.1 2.07x10%  0.11 0.65 0.125 1.0x10~4 3.9 290 83.8
84 107 0.09 0.1 2.0x1074 0-03 0.45 0.188 1.0x10~4 13.3 1300 88.A
a4 109 0.n9 0.1 3.2x10% 0.07 0.65 0.190 1.0x10™% 9.1 1300 92.1
8 108 0.09 0.1 3.18210~%  n.00 0.6% 0.247 1.0x10™4 7.4 300 9n.2
a4 109 0.09 0.1 4.48x10"%  0.n9 0.7%5 0.192 1.0x10~% 8.4 272 91.4
143 223 0.09 0.1 4.3x10"8 0-05 0.8% 0.221 1.0x10~4 13.5 243 90.4
14 223 0.29 0.1 6.09x10"% 0.09 0.75 0.246 1.ox1n=4 9.3 24 90.8
143 224 0.09 0.1 6.10x100% 0.11 0.75 0.300  1.0107% 7.9 279 91.1
223 399 0.09 0.1 A.39x1nh 0.05 0.7% 0.212 1.0x10™4 16.6 167 0.4
223 399 0.09 0.1 8.40x10™4 0.07 0.75 0.296 1.0x10™% 12.3 211 90.8

TABLE I1I papar and to thank the refarees for their
conatructive criticism.

ESTIMATED CHARACTERISTICS OF
FOUR-STAGE NYDROGEN LIQUEFTER AEFERENCES
Cooling Pover: 20 W at 20.4 K (0.7 £/h) 1.

Overall Refrigerator

Stanley, W. L., "Somn Cost, Enarpy,
Enviromental, and Resource Implications of

Voluwe: 7.6 x 1077a3 (76 2) Bynthatic Fuela Produced from Coal for
Overall Refrigerator Milicary Alrcraft,”" Rand Corporation Report
Mass| 166 kg (367 1bs) P-35578 (Fobruary 1976).

Input Power 2.
Rafqni rement : 57 W (.75 nr)
Total Powar
Rnim.l_ ion 01 100 K: a2t 4 1.
Overall Elficivncy: S43 uf tarnat 20 = D ¥)

Witcofaki, R. D., "Comparison of Altornata
Fuols ror Alrcratt,”™ NABA Repurt
NABA-TM-2N13Y (19719).,

Mikolowsky, W. T. and Norgle, L. W.. "Tha
PoLenlinl of Liquid Nvdroven as a Milletary
Aircraft Puel,”™ Tnt'l. J« lNydrogen Fnergy 3
449-4n0 H'Hdl.

Hord. J., "Feonomica of Nvdrpcun,” in
Rydroven, Tra Technaloey and Tmplications,
Val. Vv, K. K. Gox and K. D. Hl.lll.lll'lmlll. Jr.,
ada, (l.llr' Presn Tne., Boea Racan, Flarida,
1970),

Parriah, W. R. 1nd Vath, R. 0., "ront and
Avallahltity of lydrogen,” in Saloctel
Topica an Hedroven Fuel, J. “I'll'l|| ol
NRSTR=/S=30i (M.

Baker, 7, Ro and Shaver, K. L., ™A Stwdv of
the Elficieney of liviirogan Liquelaction,”
Int. J. Hydrogen Faerav 3, 121=134 (1978),
Baker, . R., "Eeonnmics of llydropsn
Prasluction and Liguefactica wpdatod to

Although a compariqun with existing gas re- &.
frigeratory iw aomewhat unjair beacaumg no 20 - 100 K
magnetic liquetler han vat besn builk, It is inter-
estlng co compare to gaa what potential pavelfa are
projneced hv Lhe analvaisz. Gomparing the data frm
Tablu II and that takan lrom Ref. 9, we wee thar s,
this magnatic liquefirr patentiallvy affsry a factar
of v 7 increase In afficloncy, a Factor of > 10
decraane (n volume, and a faitor of > J decrease
in masn, a1l at very low apuraring fesgquency, which 6.
should enhance reliabilicy.

Tha second=law analysin Indicatan some of
tha key paramaters, such ag the axlal conducrivity 7.
and showa Lhat for high aCricieney It s diMficnlt

to uperats ac froquancics higher than abont 1 Ita,
alncs 4 wan in ueed as the heat=rachanen Fluld and
Lhe reayltanc largs masa C(low produces tan much [low
losa:, The heat tranafer in the purous bed munt alao
he watromsly goail.

The ermdibility ot thoars ealealarions {4
basiul un duverd! <lmilar calealarinns by othera on
Ras~cyule syatema which do piedlen ethe getual offi
cienciesn verv well.m8 1t is not ton surprining
that the overall efficienty in mamnetic tiqueafiora
la highar becauss the major sources of Inefficieney
in mas-cyele refrigerators have heon eliminated,
namrly the compreasor, associated afterconler aml
the enpaminra.
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